The capacity for simultaneous resistance to a number of drugs is often freely transferable between various members of the Enterobacteriaceae (25) ; the genetic determinants involved are usually carried on a single transmissible resistance plasmid (or R factor) (12) . Lowbury and his colleagues have isolated strains of Pseudomonas aeruginosa which are highly resistant to carbenicillin (7) . The gene responsible for this resistance is associated with genes coding for resistance to neomycin/kanamycin and to tetracycline, and this linked group of genes is freely transmissible between strains of P. aeruginosa, Escherichia coli, and Proteus mirabilis (4, 16, 23) . Such coordinate transfer of this range of resistance markers strongly implied that an R factor may be involved (4, 23) .
This paper describes some of the physical characteristics of the deoxyribonucleic acid (DNA) which specifies the linked group of resistance genes from one of the strains of P. aeruginosa isolated in Lowbury's laboratory. It also describes some of the resistance and transfer characteristics which this transmissible group of genes (which we a Abbreviations: RP1 designates genes coding for resistance to carbenicillin, neomycin/kanamycin, and tetracycline; R1-19 confers resistance to ampicillin, chloramphenicol, kanamycin, sulfonamides, and streptomycin; met-, growth requirement for methionine; nair, resistance to nalidixic acid; rift, resistance to rifampin; x, crossed with.
b Strain 1822S is a drug-sensitive variant, obtained by curing strain 1822 with acriflavine.
c Strain J5-3 (R1-19) is a strain of E. coli K-12 which requires proline and methionine for growth. It was obtained from N. Datta and contains the R factor R1-19 (a derepressed derivative of R1). dium citrate, 0.5 g; glucose, 5 g; pH 7 .0]; and a "lowphosphate medium" [per liter: KCl, 2 g; MgSO4. 7H2O, 0.25 g; (NH4) 2SO4, 1 g; trisodium citrate, 0.5 g; glucose, 5 g; 10 ml of 0.1 M potassium phosphate buffer, pH 7.0].
Routinely, strains of P. mirabilis and E. coli W3110 were grown in CY medium, and strains of E. coli EC1005 and P. aeruginosa were grown in the minimal medium [supplemented with DL-methionine (40 ug/ml) in the case of EC1005]. Strains to be labeled with radioactive phosphate were grown in lowphosphate medium (supplemented with 0.2% Casamino Acids in the case of strains of P. mirabilis). All batch cultures were grown in a Gallenkamp orbital incubator at 37 C.
Assay for ,8-lactamase. Early exponential-phase cultures in CY medium were harvested at 4 C and resuspended in CY medium at 0.25 mg dry weight/ml. These suspensions (20 ml) were sonically treated in a Dawes Soniprobe at 4 C for 3 min at an output of 3 amp; j8-lactamase activity was then assayed iodometrically at pH 5.9 and 30 C (10, 13). Penicillin G (6 mM) was used as substrate, and activities were calculated on the basis of 1 mole of hydrolyzed penicillin being equivalent to 8 equivalents of iodine (1) . One unit of enzyme was defined as that amount of enzyme which can hydrolyze 1 Mmole of benzyl penicillin/hr at 30 C and pH 5.9 (14) .
Determination of minimum inhibitory concentration. Cultures were grown to about 108 bacteria/ml in CY medium and then diluted to about 103 bacteria/ml. Small drops (0.005 to 0.01 ml) were then spotted on nutrient agar plates which contained doubling dilutions of the requisite antibiotic.
The minimum inhibitory concentration is quoted as the lowest concentration of antibiotic which prevented the formation of colonies. (Incubation was overnight at 37 C.)
Analytical CsCl gradient centrifugation. DNA was prepared from exponentially growing cultures by a method essentially the same as that of Marmur (8) . Concentrations of DNA were estimated spectrophotometrically, assuming that an absorbance of 20 Lysis of radioactive cultures; ethidium bromide-CsCl gradient centrifugation. Labeled cultures were harvested at 4 C and then washed with SET buffer 10.05 M tris(hydroxymethyl)aminomethane (Tris), 0.15 M NaCl, 0.1-M disodium ethylenediaminetetraacetate (EDTA), pH 8.0]. The final pellets were resuspended in SET buffer containing lysozymne (1 mg/ml) and ribonuclease A (500 ,g/ml) and incubated at 37 C for 15 min, after which sodium dodecyl sarcosinate was added to 0.8% (w/v); 1.6% was used for strains of P. mirabilis. The resulting lysates were sheared by drawing up and down a 21-gauge needle four or five times at about 0.2 ml/sec. Sheared lysates were diluted to 4.8 ml with water and added to CsCl (6.55 g) and ethidium bromide (2.0 ml-of a solution of 700 ,g/ml in 0.1 M phosphate buffer, pH 7.0). Such mixtures (7.0 ml) were pipetted into centrifuge tubes, overlayed with light mineral oil, and centrifuged at 20 C in the 10 x 10 ml anglehead rotor of an MSE Superspeed 50 ultracentrifuge for 40 to 48 hr at 44,000 rev/min. Gradients were then fractionated by piercing the bottom of the tubes and collecting 40 fractions of nine or ten drops each. Fractions were assayed for radioactivity, as described below.
When the method was used preparatively, the bands of radioactive DNA were located by counting 0.01-or 0.02-ml samples of each fraction. The fractions containing the denser satellite band of covalently closed circular DNA (CCC-DNA) were then pooled, cleared of ethidium by extraction with noctanol, and dialyzed against TES buffer (0.05 M Tris, 0.05 M NaCl, 0.005 M EDTA, pH 8.0). Solutions of CCC-DNA prepared in this way were stored at -20 C.
Sucrose gradient centrifugation. Solutions of CCC-DNA (0.05 to 0.2 ml) were layered on 5 to 20% (w/v) linear sucrose gradients (4.8 ml) made up in TES buffer. These were centrifuged at 20 C in the 3 x 5 ml swinging-bucket rotor of the Superspeed 50 ultracentrifuge at 40,000 rev/min and then fractionated by collection of drops from the bottom of the tubes.
Approximate sedimentation constants were calculated, assuming linear sedimentation and using the DNA of the derepressed R factor, R1-19, as a sedimentation marker; the open circular form of this DNA was assumed to sediment at 50S (20) . (Tritiated R1-19 DNA was prepared from E. coli EC1005(R1-19) by ethidium bromide-CsCl gradient centrifugation of a lysate of a culture which had been labeled with 3H-thymidine.) Estimation of radioactivity. Samples which contained tritium alone were added to 0.5 ml of water and counted directly in Triton-toluene scintillator (5.5 ml). This scintillator was made up by diluting 500-ml quantities of Triton X-100 to 1,500 ml with toluene containing butyl PBD (6 g/liter). All samples containing radioactive phosphate were digested with 2 M NaOH at 37 C for at least 5 hr, neutralized (about 20 jig of yeast RNA was added to each sample at this point to act as carrier), and then precipitated with trichloroacetic acid and filtered on Whatman GF/C glass fiber filters. The filters were then washed with 1% (vlv) acetic acid, dried, and placed in 5 ml of a scintillator consisting of butyl PBD (4 gAiter) in toluene.
Samples with added scintillator were counted in a Nuclear-Chicago or a Packard Tri-Carb scintillation spectrometer.
RESULTS
Origin and stability of RP1. A strain of P. aeruginosa resistant to carbenicillin, neomycin, kanamycin, and tetracycline (strain 1822) was received from E. J. L. Lowbury. When this strain was received, it was tested and found to be homogeneous with respect to its antibiotic resistance pattern. The strain wgs immediately subcultured on nutrient agar slopes, which were then stored at 4 C. Examination of these slopes a few weeks later, however, showed that the strain was no longer the same: more than 99% of the population was now resistant to carbenicillin only, while the remainder retained resistance to all the antibiotics. These two lines in the population were separated. The line which was resistant to all the drugs was designated strain Ps18(RP1), and the line resistant to carbenicillin alone was called strain Ps18(RP1-1). The resistance pattern of both lines was now stable. The group of genes coding for the multiple drug resistance originating in strain Ps18(RP1) has been called "RP1," and that coding for the carbenicillin resistance in strain Ps18(RP1-1) was called "RP1-1." This paper is only concerned with RP1; a subsequent paper deals with RP1-1.
Transfer characteristics of RP1. RP1 could be transferred between various strains of P. aeruginosa, E. coli, and P. mirabilis at a frequency between 10-5 and 10-3 (Table 2 ). RP1 was, therefore, freely transmissible between the strains used, and the ease of this transmission seemed relatively independent of the nature of donor or recipient.
Resistance characteristics conferred by RP1. Strains which had acquired RP1 showed increased levels of resistance to all the antibiotics tested (Table 3 ). The magnitude of these increases varied from strain to strain. The most spectacular increases were observed in E. coli [compare the resistance of strains W3110 and W3110(RP1) in Table 3 ], whereas the least impressive involved P. mirabilis [compare strains Pr-1 and Pr-l(RP1) in Table  3 ]. (P. mirabilis Pr-1, which does not contain RP1, was already resistant to tetracycline at 62 ,gg/ml, but this resistance is not transferable.) 531 VOL. 110, 1972 The various RP1-containing strains exhibited different relative resistances to carbenicillin and ampicillin (Table 3) . Thus, while P. aeruginosa Ps18(RP1) was about equally resistant to both, E. coli W3110(RP1) was more resistant to carbenicillin than to ampicillin, and the reverse held for P mirabilis Pr-l(RP1). The reason for this variation in relative resistance to these two penicillins is not known.
Strains not harboring RP1 produced no detectable ,B-lactamase, but RP1-containing derivatives did produce this enzyme ( Table 3 ). The amount of enzyme produced by different resistant strains varied. Thus, P. mirabilis Pr-l-(RP1) produced about ten times less enzyme than did P. aeruginosa Ps18(RP1), and E. coli W3110(RP1) synthesized about five times Figure 1 shows densitometer traces of photographs taken after CsCl gradient centrifugation of DNA from strains of E. coli. DNA from strain W3110(RP1) exhibited a major peak of chromosomal DNA (density 1.710 g/cm3) and a satellite of density 1.719 g/cm3 (Fig. 1, trace a) . DNA from strain EC1005 showed no such satellite (Fig. 1, trace b) , but strain EC1005(RP1) did contain a satellite of density 1.719 g/cm3 (Fig. 1, trace c) . Figure 2 shows the traces of photographs taken after CsCl gradient centrifugation of DNA from strains of P. mirabilis. DNA from strain Pr-1 showed only a single peak at a density of 1.700 g/cm3 (Fig. 2, trace a) ; on the other hand, DNA from strain Pr-1(RP1) showed a satellite peak at a density of 1.719 g/cm3, in addition to the major peak of chromosomal DNA at 1.700 g/cm3 (Fig. 2, trace b) . Thus, acquisition of RP1 by strains of E. coli or P. mirabilis was accompanied by the appearance of satellite DNA of buoyant density 1.719 g/cm3. The satellite amounts to about 5% of the chromosomal DNA in the strains of E. coli (Fig. 1) , and about 12% in the strain of P. mirabilis (Fig. 2) .
Traces of photographs taken after CsCl gradient centrifugation of DNA from strains of P. aeruginosa showed only a single peak of DNA at 1.725 g/cm3 (data not shown). No satellite of density 1.719 g/cm3 could be seen in the DNA of any of the strains of P. aenrginosa used, whether they contained RP1 or not. However, we do not consider that this is a particularly significant result: the difference in density (0.006 g/cm3) is too small for certain resolution of such a satellite by this method. Ethidium bromide-CsCl gradient centrifugation. CCC-DNA can be separated from other conformations of DNA on ethidium bromide-CsCl gradients (15) , and R factor DNA has been isolated in a CCC form by this method (5, 9) . Lysates of cultures of E. coli strains EC1005 and EC1005(RP1) labeled with 3H-thymidine (Fig. 3a) , and lysates of cultures of P. aeruginosa strains Ps18 and Psl8(RPl) labeled with 32P-phosphate (Fig. 3b) trifugation. Lysates of the parent strains (EC1005 in Fig. 3a and Ps18 in Fig. 3b) showed only one peak of radioactive DNA; but lysates of the RP1-containing derivatives [EC1005(RP1) in Fig. 3a and Psl8(RP1) in Fig.  3b] showed, in addition, a minor band on the dense side of the main band. Strains EC1005(RP1) and Ps18(RP1), therefore, contained a satellite DNA in a CCC form, but no such satellite was present in strains EC1005 and Ps18. The ratio of radioactivity in this satellite to that in the main band was about 3% in E. coli EC1005(RP1) [ Fig. 3a ; identical results were obtained with strain W3110(RP1) but data are not shown], and 1 to 2% in P. aeruginosa Psl8(RP1) (Fig. 3b) .
Radioactive lysates of strains of P. mirabilis were analyzed on ethidium bromide-CsCl gradients. With strain Pr-1, only a single band of radioactive DNA was detected (data not shown); with strain Pr-1(RP1), however, a satellite band denser than the chromosomal band could be seen (Fig. 3c) . In the experiment illustrated in Fig. 3c , the radioactivity in this satellite was about 2% of that in the major band, but this percentage was rather variable. Values anywhere between 0.5 and 4% were obtained in replicate experiments; furthermore, no satellite of CCC-DNA could be detected when strain Pr-1(RP1) was washed and lysed in a buffer containing only a low concentration of EDTA prior to ethidium bromideCsCl gradient analysis (data not shown). Thus, it appears that lysates of this strain of P. mirabilis contain an agent that can destroy CCC-DNA under some circumstances.
In summary, E. coli strains EC1005(RP1) and W3110(RP1), P. mirabilis Pr-1(RP1), and P. aeruginosa Psl8(RP1) all contain satellite DNA which can be detected by direct ethidium bromide-CsCl gradient centrifugation; this satellite is not present in strains which do not contain RP1 but are otherwise isogenic. CCC satellite DNA from RP1-containing strains will henceforth be referred to as "RP1 DNA."
Radioactive RP1 DNA was prepared from RP1-containing strains of P. mirabilis, E. coli, and P. aeruginosa on ethidium bromide-CsCl gradients. These preparations of RP1 DNA were centrifuged to equilibrium in CsCl gradients, and the densities of the fractions which contained the radioactive DNA were then determined from the respective refractive indexes (19) . All preparations of RP1 DNA tested in this way banded at a density of about 1.720 g/cm3 (data not shown). (The method gave an accuracy of ±0.002 g/cm3.) This corresponds well with the density of the satellite DNA (1.719 g/cm3) found in RP1-containing strains of P. mirabilis and E. coli ( Fig. 1 and 2 ) and indicates that this satellite contains CCC RP1 DNA. Furthermore, the presence of CCC RP1 DNA of density about 1.720 g/cm3 in RP1-containing strains of P. aeruginosa shows that the failure to detect a satellite in the DNA of these strains by analytical CsCl gradient centrifugation (see above) was due to insufficient resolution by our equipment.
Sucrose gradient centrifugation. RP1 DNA was prepared from various strains on ethidium bromide-CsCl gradients and analyzed on sucrose gradients (Fig. 4) . All preparations sedimented as two bands, and the two bands of RP1 DNA from one source cosedimented with those of the RP1 DNA from other sources. Thus, RP1 DNA isolated from strain Ps18(RP1) sedimented as two bands which cosedimented with the two bands of the RP1 DNA from strain EC1005(RP1) (Fig. 4a) or from strain W3110(RP1) (Fig. 4b) , and the two bands of the RP1 DNA from strain W3110(RP1) cosedimented with those of the RP1 DNA isolated from strain Pr-l(RP1) (Fig.  4c) . RP1 DNA from any one of these strains must therefore cosediment with that from any of the others. Figure 4 shows that RP1 DNA can exist as two species. In fresh preparations, the bulk of the RP1 DNA is present as the faster-sedimenting species, but, as preparations age, it is converted to the slower-sedimenting species. For example, the 32P-labeled RP1 DNA from strain Ps18(RP1) used for the experiment shown in Fig. 4a was freshly prepared. The same preparation was also used for the experiments shown in Fig. 4b and 6 , but these experiments were carried out 1 to 2 weeks later, and the relative amount of the faster-sedimenting peak had decreased. This conversion can also be achieved by treatment with deoxyribonuclease, as shown in Fig. 5 . Thus, deoxyribonuclease treatment increased the slower-sedimenting species at the expense of the fastersedimenting one. These observations are consistent with the assignment of a CCC configuration to the RP1 DNA in the faster-sedimenting peak, and an open circular configuration for the RP1 DNA which sedimented in the other peak (17) . Figure 6 shows the rate of sedimentation of RP1 DNA [from strain Ps18(RP1)] compared to that of a sedimentation marker (see Materials and Methods). The RP1 DNA which was assigned a CCC configuration sedimented at about 62S, and that thought to have an open circular configuration sedimented at about 43S. Assuming that open circular DNA sediments 1.14 times faster than a linear duplex of the same molecular weight (24) , 43S corresponds to a molecular weight for RP1 DNA of about 40 million daltons (22) .
The cosedimentation of RP1 DNA from various sources (Fig. 4) implies that the molecular weight of RP1 DNA is the same in all the strains tested. (Furthermore, the coincidence of the faster-sedimenting peaks in Fig. 4 implies that the superhelix density of the CCC form of RP1 DNA was also strain-independent.) Thus, acquisition of RP1 by strains of P. aeruginosa, E. coli, and P. mirabilis resulted in the acquisition of a DNA satellite of molecular weight about 40 million. DISCUSSION The group of genes coding for drug resistance, which we have called RP1, is freely transmissible between strains of P. aeruginosa, E. coli, and P. mirabilis (Table 2 ). All strains which have acquired RP1 express these genes, albeit with varying efficiencies, as shown by their concomitant acquisition of the capacity to synthesize ,B-lactamase, and of enhanced resistance to the relevant drugs (Table 3) .
All strains which contain RP1 showed a density 1.719 g/cm3 ( Fig. 1 and 2 (Fig. 4 and 6) . Assuming a value of 3% for the Dn of 0.05 ag/mt) was added. At the indicated ratio of CCC RP1 DNA to chromosomal DNA thereafter the reaction was terminated by put-in strains of E. coli which contain RP1 (Fig. ie tubes on ice and adding ice-cold SET buffer 3a), this molecular weight gives a value of ml). The mixtures -were then analyzed on su-about two molecules of CCC RP1 DNA per gradients (centrifugation for 90 min; 33 frac-chromosome equivalent in these strains (aswere collected). *, 0 min of treatment with suming that the molecular weight of the chroribonuclease (i.e., deoxyribonuclease was mosome of E. coli is 2.5 x 109, see reference 2). and the reaction immediately terminated); With P. mirabilis Pr-l(RP1), the amount of nin of treatment with deoxyribonuclease; 3 satellite DNA as shown by analytical CsCl gradient centrifugation was about 12% of the chromosomal DNA (Fig. 2) , compared to about 62S 43S 5% with RP1-containing strains of E. coli (Fig.  50S   1 40 50 daltons for RP1 DNA indicates about one molFraction Number ecule of CCC RP1 DNA per chromosome 6. Sucrose gradient centrifugation of RPJ equivalent in P. aeruginosa, assuming that its 32P-labeled RPJ DNA prepared from strain chromosome has a similar molecular weight to RPJ) was mixed with 3H-labeled Rl-19 DNA, that of E. coli; or two to three molecules per ie mixture was analyzed on a sucrose gradient chromosome equivalent if the molecular ifugation for 70 min; 51 fractions collected). weight of the chromosome of P. aeruginosa is 6 'labeled RP1 DNA; 0, 3H-labeled Rl-19 DNA. x 109 to 7 x 109, as has been suggested (6).
Whichever is correct, it appears that replica--DNA satellite on ethidium bromide-CsCl tion of RP1 DNA is more strictly controlled in ents (Fig. 3) and, at least in the case of P. aeruginosa than it is in P. mirabilis. containing strains of E. coli and P. miraThe RP1 resistance characteristics are speciexhibited a satellite DNA of buoyant fied by an R factor which is freely transmis- ow sible between strains of P. aeruginosa, E. coli, and P. mirabilis. Another R factor which originated in P. aeruginosa (RP4) has been shown to be a member of a plasmid compatibility group distinct from the F-like and I-like R factors commonly found in enteric bacteria (3); RP1 is also distinct in this respect (unpublished data of R.B.S.). However, the results reported in this paper show that, in many respects, RP1 behaves in a manner similar to that of other R factors which originated in enteric bacteria (5, 9, 12, 18, 20) .
